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TECHNICAL NOTE
A new procedure for evaluation of renal function without
urine collection in rat
PATRICIA A. FISCHER, CLAUDIA B. BOGOLIUK, AGUSTI´N J. RAMIREZ, RAMIRO A. SA´NCHEZ,
and LUCAS D. MASNATTA
Section of Pharmacology, Department of Physiology, Favaloro University, Buenos Aires, Argentina
A new procedure for evaluation of renal function without urine (GFR), provides the most accepted estimation of renal
collection in rat. function [1].
Background. A new procedure to improve the accuracy of However, clinical and experimental use of inulin clear-
inulin assessment and renal glomerular filtration rate (GFR)
ance has methodological and analytical difficulties. Theavoiding urine sampling was compared and validated versus
reference technique relies on accurately timed urine sam-the reference procedure (with urine sampling and Anthrone
reaction) in conscious unrestrained male Wistar rats. pling and the use of anesthesia, and usually involves
Methods. The hemodynamic study consisted of a priming bladder catheterization to warrant accurate urine collec-
dose of inulin (16 mg/kg) and para-aminohippurate (PAH; 8 tion. Moreover, many of the usual analytical methods
mg/kg) followed by an infusion of inulin (36 mg/mL) and PAH
employing inulin clearance for the measurement of GFR(5.8 mg/mL) at a rate of 0.055 mL/min until steady-state condi-
are restricted by several pitfalls. The gold standardtions were reached (105 min). Inulin concentrations from sam-
ples were determined by a new enzymatic assay and Anthrone method, Anthrone, is not only a time consuming and
reaction. PAH concentrations were determined according to laborious assay that uses corrosive reagents (hot concen-
the standard method described by Smith et al. trated sulfuric acid), but is also a nonspecific assay due
Results. A high correlation was found between GFR and
to interference with other sugars like glucose [2, 3]. Fur-renal blood flow (RBF) values calculated using the alternative
thermore, the use of radiolabeled inulin has the obvious(without urine sampling) and the reference (with urine sam-
pling) clearance techniques (r 5 0.98, P , 0.001, and r 5 0.97, well-known drawbacks of using radioactive material: dis-
P , 0.001, respectively). Moreover, a significant and positive carding the radioactive plasma, contamination of the
correlation between the values obtained from enzymatic and animal or patient, and handling of the associated waste
Anthrone inulin assessments was found (r 5 0.99, P , 0.001).
products.Likewise, the values of the 95% confidence interval (mean 6
Considering all of these facts, the aim of the present2 SD) for the enzymatic inulin assay showed a good agreement
work was to test a new procedure to evaluate renal hemo-with those achieved with Anthrone (1.14 6 0.21 and 1.14 6
0.19 mL · min21 · 100 g21 rat body weight, respectively). dynamic function properly in rat. The procedure involves
Conclusions. This new approach has methodological and the development of a clearance technique and a new
experimental advantages with respect to traditional proce- analytical method for inulin clearance measurement.dures, making it a useful tool, not only for research purposes
but also in the clinical setting.
METHODS
Instrumentation and clearance techniques
Inulin is a linear polysaccharide of fructose monomers
Male Wistar rats, weighing 350 to 400 g, were used.that is freely filtered by the glomeruli and is not bound
Anesthesia was induced with ether (up to loss of posturalto plasma proteins nor secreted or metabolically altered
reflex) followed by Ketamine (50 mg/kg, intraperitone-in the renal tubules. Therefore, the measurement of inu-
ally). The femoral artery and vein of the right leg andlin clearance, as a marker of glomerular filtration rate
the contralateral femoral vein were cannulated with a
PE-50 catheter. The artery was utilized for blood pres-
sure monitoring and blood sampling. Veins were usedKey words: inulin, glomerular filtration rate, renal hemodynamics,
para-aminohippurate, measurement technique. for infusion of isoncotic artificial rat plasma and drugs,
respectively. The proximal end of each catheter wasReceived for publication August 24, 1999
threaded under the skin using a trocar and exteriorizedand in revised form March 15, 2000
Accepted for publication March 21, 2000 at the back of the neck. Once anchored with 2.0 silk
suture, the catheters were filled with heparin solutionÓ 2000 by the International Society of Nephrology
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(500 IU/mL). An incision in the ventral suprapubic re- where Clx is the clearance concentration of substances
(inulin and PAH). Ux is the urine concentration of thesegion for urinary inulin and para-aminohippurate (PAH)
substances. V is urine volume per minute, and PLx is thesampling was made. A specially designed bladder cathe-
concentration of the substances in plasma.ter (stainless steel tube with Teflon housing) was care-
Schnurr, Lahme, and Ku¨ppers propose the steady-fully placed in the urinary bladder through a small inci-
state model in which urine sampling is avoided [8]. Assion on the dome of the bladder. The catheter was
clearance calculations are performed when inulin andanchored onto abdominal muscles and skin.
PAH reach steady-state concentrations, in equation 1, theTo preserve euvolemic conditions during the surgical
excretion (Ux · V) can be replaced by infusion rate (Ix · Iv),procedure, an isoncotic artificial rat plasma (0.025 g/mL
yielding the alternative procedure for clearance determi-bovine inmunoglobulin and 0.025 g/mL bovine serum
nation, which does not need urine data (equation 2):albumin in Ringer’s solution) was infused by the right




(Eq. 2)to replace blood losses. After recovery from surgery and
before the start of the study, this rate was switched to
where Ix is the concentration of the substances in the1.5 mL/kg/hour [4, 5] throughout the whole experiment
infusion solution, and Iv is the velocity of the infusionto warrant constant urine production.
pump.After taking the initial blood sample for zero value
determination, the renal hemodynamic study was started
Analytical method
in unrestrained conscious condition. A priming dose of
Inulin from plasma, infusion solution, and urine sam-inulin (16 mg/kg) and PAH (8 mg/kg) was introduced
ples was hydrolyzed to their fructose monomers. Samplethrough the left venous catheter to rapidly attain high
fructose and glucose are phosphorylated by the enzymeplasma levels of these substances. Immediately after, a
hexokinase (HK) and adenosine-59-triphosphate (ATP)continuous intravenous infusion of inulin (36 mg/mL)
to glucose-6-phosphate (G-6-P) and fructose-6-phosphateand PAH (5.8 mg/mL) was given at a rate of 0.055 mL/min
(F-6-P). In the presence of the enzyme G-6-P dehydrog-by an infusion pump (Harvard Instrument Co., South
enase (G-6-PDH), G-6-P is oxidized by nicotinamide ade-Natic, MA, USA). After an equilibration period of at
nine dinucleotide phosphate (NADP) to gluconate-6-phos-least 105 minutes to establish steady-state plasma levels
phate with the formation of reduced nicotinamide adenine
of inulin and PAH, three simultaneous collections of
dinucleotide phosphate (NADPH). The amount of NADPH
blood (1 mL from femoral artery) and urine (100 mL) synthetized in this reaction is proportional to the amount
samples were obtained every 15 minutes and were trans- of basal glucose present in the sample. NADPH is mea-
ferred to centrifuge tubes. sured by the increase of absorbance at 340 nm (A1).Throughout the study, blood pressure and heart rate Afterward, by adding phosphoglucose isomerase (PGI),
were monitored via an arterial catheter connected to a F-6-P is converted to G-6-P undergoing the same reactions
Statham pressure transducer (Gould Instrument, Ox- described previously in this article and producing NADPH,
ford, CA, USA) and attached to a polygraph recorder which absorbance at 340 nm provides the total glucose
(model 2400S; Gould Instrument, Cleveland, OH, USA). sample amount (basal and produced by fructose, A2).
In addition, the hematocrit was evaluated in each with- Briefly, in microcentrifuge tubes, 10 mL of samples
drawn blood sample. were mixed with 27 mL of perchloric acid (0.37 N). After
At the end of the three sampling periods, clearances vortexing, each tube was covered and incubated in a
with and without urine sampling were calculated (dis- water bath at 808C for 15 minutes and allowed to cool
cussed later in this article). at room temperature. Thereafter, the tubes were centri-
The concentration of inulin in the plasma and infusion fuged at 11,000 3 g for 5 minutes, and 25 mL of supernatant
solution was determined according to Anthrone reaction were recovered. The supernatant was added to 250 mL
[2] and by a method developed in our laboratory (dis- of NADP/ATP reactive and 475 mL of redistilled water
and mixed with 5 mL of enzymatic mixture (HK/G-6-cussed later in this article) based on the work of Gabel
PDH). The samples were then incubated at room tem-et al [6]. The PAH assessments in plasma and infusion
perature for 15 minutes. After incubation, the absorptionsolution were carried out according to Smith et al [7].
of each sample at 340 nm was determined (A1). Finally,
Renal function measurement 5 mL of PGI reagent were added, and the samples were
incubated for 10 minutes at room temperature, and thenReference clearance calculation uses plasma and urine
the absorption of each sample at 340 nm was again deter-concentrations according to equation 1.
mined (A2). The difference between the two measure-
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To account for the endogenous fructose that exists in and PAH ampoules for intravenous administration
(Merck & Co. Inc., West Point, PA, USA) were used.very small amounts in baseline rat plasma samples, a
basal determination before inulin administration was per- Perchloric acid (70% analytical grade; Aldrich Chemi-
cal Co. Inc., Milwaukee, WI, USA) was employed forformed and subtracted from each plasma sample value.
The calibration curve was done by using 0.2 mg/mL inulin hydrolysis.
of inulin in rat plasma and physiologic solution for
Statistical analysisplasma and urine samples, respectively.
Para-aminohippurate determinations were performed All values are expressed as mean 6 SD, except when
specified otherwise. Correlation coefficients were usedaccording to Smith et al [7], where the PAH samples
were deproteinized using CdSO4/NaOH and diazoted to describe the strength of the relationship between
clearance techniques (without vs. with urine sampling)with N-(1-naftil) ethylendiamine/NaNO2/HCl. The in-
tensity of generated color is directly proportional to the and between methods of inulin determination (enzy-
matic vs. Anthrone).amount of PAH present in the sample and is measured
by spectrophotometry (540 nm). Statistical differences were evaluated by limits of
agreement and they were graphically represented as de-The calibration curve was performed using 0.05 mg/mL
of PAH in rat plasma and 1 mg/mL of physiologic solu- scribed by Bland-Altman [10]. The limits of agreement
represented the range around the mean difference (D)tion for plasma and urine samples, respectively.
between both clearance techniques and analytical meth-
Sensitivity ods in which 95% of the values were found. They were
defined as D 6 1.96 · SD when the differences betweenLimit of detection (LOD) and limit of quantitation
(LOQ) were defined by the statistical method according both techniques and methods showed a Gaussian distri-
bution. Reproducibility of the results was tested by com-to Anderson [9]. Briefly, 10 blank (negative) plasma sam-
ples were tested, and the mean blank value (mean blank) parison of the coefficients of variation using the Kruskal–
Wallis nonparametric test.and standard deviation (SD) were calculated. The LOD
was calculated as the mean blank 1 3 · SD. The LOQ
was obtained from the mean blank value 1 10 · SD.
RESULTS
Clearance technique validationAccuracy and precision
Assessments of accuracy and precision for both the Alternative and reference clearance determinations of
inulin (AICL and RICL, respectively) and PAH (APCLintra-assay and interassay studies were investigated. For
the intra-assay study, replicate analyses (N 5 4) at three and RPCL, respectively) were obtained. The ranges of
inulin clearance values were as follows: AICL, 0.52 tolevels of inulin (low, 0.1 mg/mL; medium, 0.3 mg/mL;
and high, 0.6 mg/mL) were performed. For the interassay 1.56, and RICL, 0.47 to 1.63 mL · min21 · 100 g21 rat
body weight, respectively. The ranges of PAH clearancestudy, quadruplicated analyses at the same three levels
were employed during three consecutive days. Accuracy values were as follows: APCL, 1.28 to 3.84, and RPCL,
1.32 to 4.04 mL · min21 · 100 g21 rat body weight, respec-was defined as the range of percentage differences between
the mean 6 2 · SD of back-calculated concentrations and tively. Independent of the employed technique, no sig-
nificant differences were observed between the resultsreal standard values. Intra-assay and interassay precision
was expressed as the percentage coefficient of variation of inulin and PAH clearances.
High correlation coefficients were found between theof measured concentration [CV% 5 (SD/mean) · 100].
two clearance techniques both for inulin (AICL vs.
Chemicals and reagents RICL, r 5 0.98, N 5 13, P , 0.001) and for PAH (APCL
and RPCL, r 5 0.97, N 5 11, P , 0.001; Figs. 1 and 2).Ether (Sigma Chemical Co., St. Louis, MO, USA) and
Ketamine (G & M S.A., Buenos Aires, Argentina) were Limits of agreement after Bland-Altman analysis, were
20.14 to 0.13 and 20.49 to 0.25 mL · min21 · 100 g21 ratused as anesthetics. Glucose-6 phosphate dehydrogenase
(G6P-DH; 140 U/mg), HK (450 U/mg), and PGI (350 body weight for inulin and PAH comparisons, respec-
tively (Figs. 3 and 4).U/mg) were used as suspension forms (Boehringer Mann-
heim Co., Mannheim, Germany). G6P-DH and HK were Coefficients of variation between alternative and ref-
erence clearance calculations both for inulin (P 5 0.714)mixed in equal amounts and were used as one reagent
(enzymatic mixture). The NADP/ATP reagent was pre- and PAH (P 5 0.762) showed no significant differences
after applying the Kruskal–Wallis test.pared by dissolving 160 mg of ATP and 64 mg of NADP
in 27 mL of triethanolamine buffer (pH 7.6; all from
Analytical method validationBoehringer Mannheim Co.). This solution is stable for
four months at 2708C. Sterile and nonpyrogenic inulin Relating with inulin assay, the 95% confidence interval
(mean 6 2 SD) for enzymatic assay showed a good agree-(Cypros Pharmaceutical Co., West Carlsbad, CA, USA)
Fischer et al: Renal hemodynamics in conscious unrestrained rats 1339
Fig. 3. Difference against mean for alternative inulin clearance (AICL)
and reference inulin clearance (RICL). Dashed lines represent the limitsFig. 1. Linear regression analysis between alternative inulin clearance
of agreement around the average difference.technique (AICL, without urine sampling) of all rats and reference inulin
clearance technique (RICL, with urine sampling) in steady-state conditions
(y 5 0.87x 1 0.12; r 5 0.98; P , 0.001).
Fig. 4. Difference against mean for alternative PAH clearance (APCL)
and reference PAH clearance (RPCL) determinations. Dashed lines repre-
sent the limits of agreement around the average difference.
SensitivityFig. 2. Linear regression analysis between alternative para-aminohippur-
ate (PAH) clearance technique (APCL, without urine sampling) of all rats The calculated values of LOD were 0.11 and 0.13
and reference PAH clearance technique (RPCL, with urine sampling) in
mg/mL for inulin enzymatic assay and Anthrone reac-steady-state conditions (y 5 0.90x 1 0.15; r 5 0.97; P , 0.001).
tion, respectively. Likewise, the values of LOQ were 0.23
and 0.37 mg/mL, respectively.
Accuracy and precisionment with the values obtained from the gold standard
Anthrone reaction (1.14 6 0.21 and 1.14 6 0.19 mL · Intra-assay and interassay accuracy ranges (mean 6
min21 · 100 g21 rat body weight, respectively). Moreover, SD) are shown in Tables 1 and 2, respectively. High
a close association between the two analytical methods reproducibility and accuracy results were obtained from
was shown by a high correlation coefficient (r 5 0.99, both intra-assay and interassay analysis.
N 5 15, P , 0.001; Fig. 5). Limits of agreement of the
Bland-Altman analysis were 20.039 to 0.28 mL · min21 ·
DISCUSSION100 g21 rat body weight (Fig. 6). Coefficients of variation
between the two methods used for inulin determination Measurement of renal function has extreme relevance,
not only in studies directly involving the kidneys, butshowed no significant differences (P 5 0.537) after
applying the Kruskal–Wallis test. also in the maintenance of fluid volumes and electrolyte
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Table 1. Intra-assay study
Coefficient
Added inulin Measured inulin Accuracy of variation
mg/mL %
0.100 0.09760.002 94–100 1.78
0.300 0.30460.003 99–103 0.90
0.600 0.55860.005 91–95 0.90
Accuracy and precision (coefficient of variation) results are from four repli-
cates of the three inulin levels made in the same day.
Table 2. Interassay study
Coefficient
Added inulin Measured inulin Accuracy of variation
mg/mL %
0.100 0.102 6 0.003 96–108 3.10
0.300 0.304 6 0.002 100–103 0.50
0.600 0.548 6 0.009 88–94 1.70
The results of accuracy and precision (coefficient of variation) are from four
replicates of the three inulin levels in three consecutive days.
Fig. 5. Linear regression analysis in steady-state conditions between inulin
clearance (ICL) obtained by enzymatic assay and by the Anthrone reaction
(y 5 0.89x 1 0.13; r 5 0.99; P , 0.001).
on the rate at which the substances (inulin and PAH)
achieve their volumes of distribution, but also on mainte-
nance of the infusion at a rate equal to their rate of loss
through the kidney [12].
In small experimental animals, renal hemodynamic
studies are usually performed under anesthesia and with
the application of bladder catheters. The effects of anes-
thesia, surgery, or stress restriction can affect renal func-
tion [13]. Moreover, the use of bladder catheters can
introduce substantial errors in the assessment of urinary
clearance of substances because of incomplete emptying
of the bladder upon spontaneous voiding or because of
dead space [14].
Different techniques have been described to measure
renal function in conscious rats [15, 16]. Most methods
require accurately timed urine collection. Marcel de
Vries et al proposed GFR and renal blood flow (RBF)
determinations in steady-state conditions to correct for
Fig. 6. Difference against mean between inulin clearance (ICL) measured incomplete bladder emptying [17], but some problemsby enzymatic assay and by the Anthrone reaction. Dashed lines represent
remain. Furthermore, several kinetic models based onthe limits of agreement around the average difference.
the disappearance of tracer substances overestimate or
underestimate true clearances [18–20].
Our study describes an appropriate procedure to be
homeostasis, vital contributors of blood pressure. There- applied in conscious unrestrained rats under stable he-
fore, renal function preservation or its modification plays modynamic conditions (arterial blood pressure, heart
a key role in many pathological conditions, especially rate, and hematocrit remained unaltered during all of
involving hypertension and heart failure. the experimental session), both for GFR and RBF mea-
Renal function measurement by traditional clearance surements avoiding urine sampling and anesthesia.
techniques relies on accurately timed urine collection. The statistical comparison between the two clearance
The concept of measuring renal function in steady-state techniques (with or without urine sampling) for renal he-
conditions by the constant infusion technique avoiding modynamic determinations showed a close correlation.
urine collection was first used in the clinical setting by Moreover, the confidence intervals revealed that the pro-
posed approach improved the accuracy and the repro-Earle and Berliner [11]. Steady-state depends not only
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